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Abstract 

Climate driven threats are predicted to decrease the complexity of biogenic habitats 

(Krumhansl et al. 2016; Teagle et al. 2017). Within temperate coastal marine 

environments, we know that complex macroalgal beds support more complex 

communities (Bruno and Bertness 2001, Norderhaug et al. 2007) through the provision 

of microhabitats and refuges (Anderson 2001, Kovalenko et al. 2012). Macroalgal 

habitats have potential interacting benefits and costs for predators, as increased 

macroalgal biomass supports higher richness and diversity of prey species (Pérez-

Matus et al. 2007), but prey within these habitats might be more difficult to catch 

(Wilson et al. 1990). An important New Zealand fishery species, the blue cod 

(Parapercis colias), is a large bodied temperate reef fish found exclusively throughout 

the coastal waters of New Zealand. Its dependence on subtidal coastal reef 

environments mean that it is important to understand how a loss of complex 

macroalgal habitats might alter the way that blue cod forage, and how the trade-off 

between prey abundance and availability will affect its abundance and productivity. 

This thesis aims to understand the influence of complex macroalgal habitats on P. 

colias prey availability and behaviour, on the foraging success of P. colias, and 

ultimately on P. colias population dynamics. Experiments were conducted  using choice 

chambers to evaluate whether two alternate P. colias prey, Forsterygion lapillum and 

Heterozius rotundifrons, showed a preference for complex habitats with and without 

predation risk. Both species preferred complex habitats in the absence of predation 

cues, but F. lapillum showed a more consistent preference for complexity in response 

to predation risk. A mesocosm experiment was used to investigate whether the 

consumption rate and functional response of P. colias differs for these two prey types 

in the presence and absence of habitat complexity. Results indicated that the mobile 

fish prey, F. lapillum benefitted from the refuges provided by complexity and suffered 

lower consumption rates, whereas the sedentary crab, H. rotundifrons did not. Finally, 

using a simple population model, the trade-off between prey abundance and 

predation success on the population dynamics of P. colias with and without habitat 

complexity was explored. Models showed that scenarios with complex macroalgal 

habitats generally support more predators, and faster population growth rates than 
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scenarios lacking habitat complexity. However, scenarios with complex habitats were 

predicted to be more sensitive to fishing pressure and have the potential to be more 

vulnerable to overexploitation. These results highlight the importance of 

understanding how habitat complexity mediates relationships between commercially 

important fishery species and their prey, in order to understand how habitat loss may 

alter their foraging success and population dynamics. 
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      Chapter 1  

General Introduction 

 

 

Ecological communities at a basic level can be viewed as linear interactions between 

carnivores, herbivores and plants (Fretwell 1987). These linear relationships link 

producers to apex predators by transferring energy along a food chain via trophic 

interactions and naturally interconnect to form a food web. Interactions between 

specific trophic levels produce certain ecosystem processes (Luck et al. 2003), which 

play an important role in supporting society by providing a wide range of benefits to 

humans in the form of ecosystem services (Barbier 2017). Resources such as food and 

water, as well as the provision of marine environments for tourism and recreation are 

examples of key services that coastal marine ecosystems provide (Daily 2013). The 

change in abundance of species within a food web can result in a drastic change of key 

ecosystem processes and subsequently ecosystem services (Holt and Loreau 2002). 

Therefore, the continued provision of ecosystem services is influenced by an 

ecosystem maintaining its current processes and function (Barbier 2017), as well as 

habitats maintaining complexity, to support local community dynamics and 

biodiversity (Godbold et al. 2011).  

 

1.1 Habitat complexity in the marine environment  

In the marine environment, habitat forming species support other marine organisms 

by modifying the physical complexity of the surrounding environment, (Jones et al. 

1994, Graham and Nash 2013, Teagle et al. 2017). Complex habitats include coral reefs 

(Austin et al. 1980, Ménard et al. 2012), seagrasses (Bell and Westoby 1986, Unsworth 

et al. 2018), canopy forming macroalgae (Dayton 1985, Teagle et al. 2017) and mollusc 

beds (Grabowski 2004, Toscano and Griffen 2013). Each of these offer a range of 

benefits for their associated communities however they all provide complex structure 

that supports increased abundance, biodiversity (Holt 1987, Kelaher and Castilla 2004, 

Gratwicke and Speight 2005) and increased trophic interactions, which result in longer 
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food chains and ultimately support more complex food webs (Alvarez-Filip et al. 2011). 

Highly complex habitats provide increased surface area and niche space which support 

more species and individuals (Bruno and Bertness 2001, Gratwicke and Speight 2005). 

Increased surface area and structural complexity is important in structuring diverse 

and abundant assemblages within the understory and canopy of macroalgal forests 

(Hauser et al. 2006) and seagrass meadows (Heck et al. 1977), as well as within 

crevices on coral reefs (Luckhurst and Luckhurst 1978, Walker et al. 2009). Habitat 

complexity provides refuges for prey which support the presence of juveniles and 

small-bodied species that are often preyed upon by larger organisms (Hixon and Beets 

1993, Almany 2004, Wen et al. 2013). Increased refuge availability reduces the 

competition between prey to seek refuge and can increase prey survival, preventing 

extinction when populations reach low densities (Murdoch and Oaten 1975, Lannin 

and Hovel 2011).  

 

1.2 Macroalgal forests in temperate coastal habitats 

Rocky reef environments in both subtidal and intertidal habitats on temperate 

coastlines are often dominated by species of canopy-forming large brown macroalgae, 

predominantly from the order Laminariales (Dayton 1985, Steneck et al. 2002). These 

species of macroalgae provide high structural complexity, from the holdfast that 

anchors the algae to the substrate, (often the most complex microhabitat, Arnold et al. 

2016), to the shade forming canopy provided by the macroalgal blades. The complexity 

of macroalgal habitats, composed of the macroalgae itself and the varying relief of the 

surrounding submerged rocks, offers a large amount of substrate for understory algae 

and invertebrates to colonise (Hauser et al. 2006, Cacabelos et al. 2010). When 

compared to habitats with low habitat complexity, macroalgal habitats are highly 

dynamic and support high primary productivity (Brady-Campbell et al. 1984, Reed et al. 

2008), increased abundance of invertebrates and fish (Pérez-Matus et al. 2007) and 

increased recruitment of associated species (Carr 1994). On temperate reefs, we know 

that complex macroalgal beds support more complex communities (Bruno and 

Bertness 2001, Norderhaug et al. 2007) through the provision of microhabitats and 

refuges (Anderson 2001, Kovalenko et al. 2012). Studies so far show that the 
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mechanism of a refuge in macroalgal habitats appears to be dependent on the 

presence and quantity of habitat structure (Anderson 2001, Hesse et al. 2016), rather 

than the ratio between crevice and prey body size observed in tropical coral reef 

environments (Hixon and Beets 1993, Rogers et al. 2014). Artificial plants have been 

used in various experiments in an attempt to standardise the effect of macroalgal 

habitat complexity (Gotceitas and Colgan 1989, Hauser et al. 2006) and they were 

successful in finding a positive relationship between complexity and abundance. 

However, we don’t yet have a good understanding of how macroalgal degradation 

alters the flow of energy through the food web and influences the productivity of 

higher trophic levels. 

 

1.3 Threats to complex habitats 

Warmer sea temperatures (Edwards and Hernández-Carmona 2005), increased storms 

and extreme weather patterns (Meehl et al. 2000, Easterling et al. 2000, Byrnes et al. 

2011) and eutrophication and acidification (Russell et al. 2009, Sunday et al. 2017) 

have contributed to a decline in biodiversity and the quality of biogenic habitats. These 

threats degrade and disturb the quality, abundance and recruitment of biogenic 

species including macroalgae (Alestra and Schiel 2015, Filbee-Dexter et al. 2016), 

corals (Munday 2004, Albright et al. 2010) and seagrasses (Fraser et al. 2014, Thomson 

et al. 2015). Degraded habitats, and a reduction in habitat complexity, can have knock 

on effects such as decreased biodiversity (Jones et al. 2004), abundance and growth of 

associated communities (Rogers et al. 2014). These negative impacts alter species 

compositions and the interactions between species (Crowder and Cooper 1982, Teagle 

and Smale 2018), which ultimately reduce ecosystem function and structure (Hawkins 

et al. 2009). Changing land use and increased terrestrial erosion and runoff is 

increasing the addition of sediments and chemical pollutants into coastal habitats and 

has also been identified as a cause of degradation and a change in species composition 

for habitats such as seagrass meadows, macroalgal beds and coastal coral reefs 

(Weber et al. 2006, Alestra and Schiel 2015, Unsworth et al. 2018). Temperate reef 

systems are specifically threatened by tropicalization, the movement of new or 

invasive species better suited for the warmer environment (Vergés et al., 2014; Gianni 



 
 

 

11 

et al., 2017), as well as overfishing of apex predators (Tegner and Dayton 2000), which 

increase the abundance of secondary herbivorous consumers, threatening the 

community composition and dynamics of macroalgal-dominated temperate reef 

systems (Steneck et al. 2002, Myers and Worm 2003). A decline in the quantity and 

quality of canopy-forming species also clears space for less structurally complex turf or 

shrub algae to colonise and overgrow coralline crusts (Connell 2003) replacing and 

preventing the regeneration of macroalgae (Filbee-Dexter and Wernberg 2018). 

Degradation of biogenic habitats reduces complexity and alters prey availability, 

leading to shortened food chains and ultimately altering the trophic structure 

(Hempson et al. 2017). 

 

1.4 New Zealand macroalgae and coastal fisheries  

Habitat forming macroalgae are complex habitats that prevail along rocky coastlines in 

New Zealand, with the giant kelp (Macrocystis pyrifera) dominating coastal marine 

environments broadly in the southern North Island and the South Island (Ministry for 

Primary Industries 2017), and common kelp (Ecklonia radiata) rapidly growing around 

the North Island (Schiel 1990). The thermal tolerance of these species limits their 

distribution in New Zealand (Hay 1990) however they both sustain productive and 

diverse ecosystems (Mann 1973, Reed et al. 2008). Complex macroalgal habitats offer 

protection to many reef fishes and benthic invertebrates, among which are often 

important commercial fisheries species (Bologna and Steneck 1993). The diversity and 

abundance of reef fishes has been shown to increase with increased macroalgal 

presence and density with both M. pyrifera and complex macroalgae, the common 

flapjack (Carpophyllum maschalocarpum) (Pérez-Matus and Shima 2010). Macroalgal 

habitats are important for juveniles with snapper (Pagrus auratus), a highly sought 

after fisheries species, using macroalgal reef fringes as nurseries (Ross et al. 2007).  

Biogenic reefs provided by M. pyrifera, E. radiata and C. maschalocarpum support a 

diverse range of commercially important coastal finfish species in New Zealand, such 

as butterfish (Odax pullus), blue cod (Parapercis colias), blue moki (Latridopsis ciliaris), 

red moki (Cheilodactylus spectabilis) and tarakihi (Nemadactylus macropterus) (Schiel 

1990, Pande and Gardner 2009, Ministry for Primary Industries 2017). Macroalgal 
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habitats also support invertebrate fisheries such as kina (Evechinus chloroticus) and 

paua (Haliotis iris) (Schiel 1990, Ministry for Primary Industries 2017). In New Zealand, 

we know that a loss of kelp in temperate coastal reef environments can affect the 

assemblage of benthic predators, influencing the distribution and abundance of the 

associated prey species (Hesse et al. 2016). When comparing fish assemblages within 

Ecklonia radiata and a barren habitat, prey are more susceptible to predation in barren 

habitats than within macroalgal habitats (Hesse et al. 2016).  

 

An increase in climate driven threats to macroalgal habitats has the potential to 

decrease habitat complexity, and therefore decrease diversity and productivity of 

associated species, causing a trophic cascade through the rest of the food web (Byrnes 

et al. 2011). With anthropogenic effects predicted to reduce the quality and quantity 

of macroalgae (Krumhansl et al. 2016; Teagle et al. 2017), it is critical that we 

understand how a loss of habitat complexity will impact their ecosystem structure and 

function, to manage for long term sustainability of ecosystem services (MacDiarmid et 

al. 2013). Marine ecosystem services including fisheries, tourism and aquaculture are 

vital for New Zealand. The commercial fishing industry is worth more than $4 billion 

and is a significant contributor to New Zealand’s economy (Williams et al. 2017). 

Understanding the associations between coastal fisheries species and macroalgal reef 

habitats in New Zealand is important for fisheries management and predicting how 

they might be affected by habitat modification in the future. New Zealand fisheries are 

currently managed using models that assess the maximum sustainable yield of a stock, 

however models don’t tend to take into account climate change, or habitat 

considerations that might affect the dynamics of fisheries populations (Armstrong et 

al. 2008). 

 

Parapercis colias 

An important New Zealand fishery species, the blue cod (Parapercis colias), is a large 

bodied temperate reef fish found exclusively throughout the coastal waters of New 

Zealand. P. colias is most abundant south of the Cook Strait (Carbines, 1998) and is a 
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sought after recreational and commercial inshore finfish. Landings of P. colias 

combined over all stocks during the most recent publicly reported fishing year of 

2016/2017 were 2150 tonnes (Fisheries New Zealand 2018). The stocks on average 

have a combined annual value of $36 million for the fishing industry (Williams et al. 

2017). They are one of the most commonly landed finfish species in the South Island, 

with certain stocks having exhibited declines in recent years (Ministry for Primary 

Industries 2014). The diet of P. colias largely depends on the availability of prey in the 

local habitat and they are mostly opportunistic benthic carnivores that feed diurnally 

(Jiang and Carbines 2002). They reside in sub tidal, slow flowing habitats such as rocky 

reef fringes, gravel and sandy bottoms or within biogenic structures such as mussel 

beds and macroalgal forests, often in coastal areas shallower than 150m (Anderson et 

al., 1998; Carbines and Mckenzie, 2004). We don’t explicitly know how a loss of habitat 

complexity may alter the way that top predators like P. colias forage, and how 

important complex habitats are for mediating predator prey relationships in New 

Zealand. The dependence of P. colias on the shallow coastal reef environments, 

dominated by macroalgae, mean it is important to understand how the population 

dynamics of P. colias may change with potential macroalgal habitat loss.  

 

1.5 Thesis aims 

This thesis aims to understand how a change in macroalgal habitat complexity and a 

change in prey vulnerability will then affect the associated community, energy transfer 

and the population dynamics of P. colias. Specifically, in Chapter 2, I aim to understand 

whether P. colias prey prefer complex macroalgal microhabitats under no perceived 

predation risk, and whether they use habitat complexity to avoid predation. In Chapter 

3, I evaluate whether macroalgal habitat complexity influences the consumption rates 

and/or the shape of the functional response curve for the P. colias and two of its prey 

species. Finally, in Chapter 4, using a simple population model I explore the trade-off 

between prey abundance and predation success on the population dynamics of P. 

colias with and without macroalgal habitat complexity. 
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Chapter 2 

 Influence of habitat complexity on P. colias prey availability 

and behaviour  

 

2.1 Introduction 

The dynamics of prey populations are influenced by predators either directly 

consuming prey or changing their behaviour (Werner et al. 1983) and distribution 

(Clark et al. 2003). The success of prey populations in the marine environment is 

largely determined by the ability of individuals to avoid predation or to adopt 

defensive morphological and behavioural traits to escape predators. Growth rates of 

prey populations can be influenced by the abundance of predators, with higher 

abundances attributed to higher prey mortality and slower population growth (Hereu 

et al. 2005). Predators therefore induce avoidance tactics in prey that reduce their 

vulnerability, but can limit their individual growth (Werner et al. 1983) due to reduced 

foraging. Reduced foraging by prey populations in response to the presence and 

abundance of predators can have knock-on effects on lower trophic levels resulting in 

trophic cascades (Grabowski 2004).  

 

When faced with predators, prey strive to avoid a predatory encounter and increase 

their probability of survival. To avoid high densities of predators, prey might shift their 

range and distribution to lower risk environments with less predators and/or less 

opportunity for predators to attack (Heithaus et al., 2009). This results in prey avoiding 

habitats containing high abundances of predators (Preisser et al. 2005) or seeking 

refuge in microhabitats within complex habitats that are difficult for predators to 

access. In the presence of predatory cues, fish are often seen to primarily flee and seek 

shelter within nearby available refuges created by the structural complexity of habitats 

(Almany 2004, Ménard et al. 2012). This can sometimes limit prey to less productive 

foraging areas and reduce their individual feeding activity and energy intake (Milinski 

and Heller 1978, Werner et al. 1983, Heithaus et al. 2009). Predation risk is often 

greatest for small individuals whose predators have a large gape size (Hart and Hamrin 
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1990), and therefore complex habitats are particularly important for small individuals 

and juveniles of larger species  (Wilson et al. 1990). Complex habitats fulfil the role of 

nurseries for juveniles of species by providing shelter and food when species are small 

and most vulnerable (Guidetti 2000). Complex microhabitats are also commonly 

productive feeding grounds as they tend to support an increased abundance of 

potential prey than less complex habitats (Heck and Crowder 1991, Chaves et al. 2013).  

The structure of complex habitats also offer protection from wave action and high 

flowing currents in coastal environments which can be important in reducing energetic 

costs (Parsons et al. 2018).  

 

In shallow, temperate marine ecosystems, canopy forming macroalgae are the 

foundation of structurally complex habitats (Steneck et al. 2002). Macroalgae have an 

important role in providing food through detrital production (Feehan et al. 2018), 

reducing sediment deposits (Wernberg et al. 2005) and reducing current flow (Rosman 

et al. 2007). Macroalgal habitats offer nursery grounds for juveniles (Tegner and 

Dayton 2000) and provide refuge from predators (Wilson et al. 1990, Anderson 2001). 

Three different structures of canopy forming macroalgae provide a refuge: the 

holdfast, stipe and blades. The holdfast consists of branching haptera, and provides 

space between branches for macrofauna and meiofauna to colonise and use as a 

refuge (Hauser et al. 2006). The stipe of the plant provides a refuge for assemblages of 

sessile invertebrates to directly attach to (Leclerc et al. 2015) whereas the blade of the 

plant provides the most surface area for colonisation and mostly provides a 

microhabitat for highly mobile fauna (Jørgensen and Christie 2003).   

 

Within macroalgal reef habitats, highly complex microhabitats are comprised of the 3-

dimensional structure of both the macroalgal blades and the varying relief of 

submerged rocks, holdfasts and cobble substrate, which creates a large amount of 

surface area for a variety of prey (Hauser et al. 2006, Cacabelos et al. 2010). Small 

sized fishes are generally associated with heterogenous habitats that offer high refuge 

(Hixon and Beets 1993), whereas the lower macroalgal bed and substrate is a 
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microhabitat that small crabs are known to inhabit (Anderson et al. 2005). P. colias is 

an opportunistic benthic carnivore that feeds diurnally, and their diet largely depends 

on the availability of prey in the local habitat (Jiang and Carbines 2002). Found 

throughout the shallow coastal waters of New Zealand, P. colias specifically resides in 

sub tidal, slow flowing habitats such as rocky reef fringes, mussel beds, macroalgal 

forests, gravel or sandy bottoms, (Anderson et al. 1998, Carbines and Mckenzie 2004). 

Diet studies show that crustaceans, molluscs and small fish are the main components 

of the P. colias diet (Russell and Leigh 1983, Jiang and Carbines 2002).  

 

Prey require an ability to detect a potential threat to elicit short term behavioural 

responses and in aquatic environments, prey primarily detect predatory cues using 

visual and olfactory senses (Hazlett and McLay 2005, Kim et al. 2009). Prey use visual 

and tactile cues to recognise position and potential distance from heterospecifics 

(Smolka et al. 2011). Chemical cues released as alarm cues, or in response to 

conspecifics being injured by predation (Chivers and Smith 1998, Jacobsen and Stabell 

2004), as well as predator odours in the form of kairomones (Kats and Dill 1998) allow 

prey to sense the presence of a predator through olfaction.    

 

Fish and invertebrates have different strategies for avoiding predation, due to 

differences in morphology and mobility. Shifting habitats and using refuges or cryptic 

mechanisms can reduce the likelihood of prey encountering predators. Both fish and 

crustaceans use burrowing as an antipredator mechanism. Burrowing is particularly 

common in small prey that lack other defensive mechanisms (McLay and Osborne 

1985, Magnhagen and Forsgren 1991). Camouflage is also a widespread morphological 

adaptation where prey use markings to resemble the colour and pattern of the 

surrounding habitat (Endler 1984, Todd et al. 2006, Troscianko et al. 2016), thereby 

reducing their risk of detection (Stevens and Merilaita 2009). Fish, due to their high 

mobility within the water column, use the shelter provided by macroalgal blades to 

avoid predators through the mechanisms of a visual and physical refuge (Wilson et al. 

1990, Guidetti 2000). However, invertebrates such as small crabs are unable to swim 
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within entire macroalgal habitats and may instead burrow into the substrate and lower 

section of the macroalgal plants (Hauser et al. 2006, Cacabelos et al. 2010). 

Crustaceans also defend themselves against predators with weapons or deterrents 

such as long, spiny antennae (Barshaw et al. 2003, Patek and Oakley 2003) and 

extended claws (Field 1990). Hard shells in small crabs can absorb energy under impact 

and protect them from being crushed in the mouth of predators (Strathmann 1981). 

Prey with effective defensive structures necessitate longer handling time for predators 

and as a result, may be rejected, with a preference for conspecifics or heterospecifics 

that are easier to attack and consume (Boulding 1984, Gochfeld 2004). The 

effectiveness of these defensive structures in crabs likely outweigh their reduced 

mobility.  

 

Chapter aim 

Declining macroalgal biomass globally due to the cumulative effects of climate change  

(Teagle et al. 2017) is leading to a reduction in desirable highly complex microhabitat 

which may force some prey populations to choose less complex habitats with fewer 

refuges when faced with predation risk. The purpose of this study was to investigate 

whether prey of the temperate predator the blue cod, Parapercis colias, prefer 

complex macroalgal microhabitats under no perceived predation risk, and whether 

they use habitat complexity to avoid predation. To investigate this, fish, invertebrates 

and macroalgae that are commonly found and accessible from the rocky reef 

environment around the coastal Wellington region were collected as model species. 

The common triplefin Forsterygion lapillum is a small reef fish and the big handed crab 

Heterozius rotundifrons  a small crab found in rocky coastal habitats around New 

Zealand, often within cobble, rocks and macroalgae. The study specifically investigates 

whether these species prefer microhabitat complexity under no perceived risk, a 

potential predation risk and with variations of visual and olfactory predatory stimuli 

from P. colias. Three experiments were conducted at Victoria University of Wellington 

Coastal Ecology Laboratory (VUCEL). The first experiment tested whether prey prefer 

more complex microhabitats and display any antipredator behaviour without the 

influence of predator cues. The second experiment tested whether prey microhabitat 
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choice and antipredator behaviour was influenced by a simulated predator risk. The 

last experiment aimed to understand the importance of visual and olfactory cues from 

P. colias, on habitat preferences and antipredator behaviour of their prey. Three 

variations of an experiment using only a visual cue, only an olfactory cue and both 

visual and olfactory cues together.  

 

2.2 Methods 

 

2.2.1 Prey, predator and macroalgal collection  

F. lapillum were collected by hand nets, aided by snorkel and SCUBA, from the 

infralittoral zone at two Wellington rocky shore sites: Kau Bay (latitude: -41.287623°, 

longitude: 174.829033°) and Point View Breaker Bay (latitude: -41.344759°, longitude: 

174.820649°). H. rotundifrons were collected by turning over rocks in the intertidal 

zone of Kau Bay during low tide. Both prey species were collected between February 

and September 2019. The common flapjack, Carpophyllum maschalocarpum was 

selected to represent a complex macroalgal habitat for the two prey species. It is a 

common brown macroalgae found sub-tidally within rocky reef habitats around New 

Zealand. It provides microhabitats within its broad, flat blades, which create dense 

branches within the water column. C. maschalocarpum blades were collected by hand 

from Kau Bay during low tide between June and September 2019. F. lapillum and H. 

rotundifrons were stored separately in flowing seawater tanks (59 x 30 x 30 cm), with a 

layer of cobble on the bottom (~2cm thick). C. maschalocarpum blades were kept in a 

flowing seawater tank before and after trials. Macroalgae were replaced in habitat 

choice experiments whenever they showed signs of degradation. Both prey species 

were fed a diet of crushed mussel every 3 days. The predator Parapercis colias was 

collected by local fishermen from the Cook Strait, Wellington in July 2019 using cod 

pots. Predators were maintained in outdoor plastic 1000L tanks with flow through 

seawater. 
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During trials each individual prey was only used once in each experimental variation. 

All F. lapillum were between 4-5 cm in length, with both sexes used under an 

assumption that sex would not influence microhabitat preference. The H. rotundifrons  

used were between 2-4 cm wide and sex also wasn’t assumed to be a factor in 

microhabitat preference. 31 F. lapillum and 33 H. rotundifrons were trialled under no 

perceived risk, 29 F. lapillum and 33 H. rotundifrons were used in trials with a potential 

predator stimulus, and for trials under visual, olfactory and both predation stimuli 15 

each of F. lapillum and H. rotundifrons were used per experimental variation.  

 

2.2.2 Habitat preference in the absence of predation risk  

This experiment was conducted between July and August 2019. It was designed to 

investigate whether F. lapillum and H. rotundifrons prey species prefer complex 

microhabitats and, or display any antipredator behaviour in the absence of a perceived 

predation risk from P. colias. A choice chamber was constructed with four microhabitat 

assemblages varying in complexity and refuge availability; cobble (C; low), cobble and 

rock (CR; intermediate), cobble and C.  maschalocarpum (CK; intermediate), cobble 

and rock as well as C. maschalocarpum (CRK; high). A plexiglass arena separated into 4 

chambers was used for the trials (seen in Figure. 2.1). Each chamber had one of the 

four microhabitat configurations whose position was assigned randomly and changed 

between trials. The rocks chosen were flat with dimensions of 15cm x 10cm x 4cm  (L x 

W x H) and a single frond of C. maschalocarpum was used for both the CK and CRK 

habitat configurations. For each trial a single prey individual was randomly selected 

and introduced into a PVC pipe in the centre of the arena. Following 1 minute of 

acclimation, the pipe was lifted to allow the individual to choose a habitat. The trial 

was observed for 5 minutes in total and the habitat in which the individual spent the 

most time was recorded as the preferred habitat. If prey did not spend any time within 

any habitat, the selection was noted as no microhabitat choice. At the end of each 5 

min trial, the individual was removed, and fresh seawater was added to the tank for 

30s before the microhabitat in each chamber was changed based on the random 

assignment, and another trial commenced.  
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During the trial, counts and descriptions of any antipredator behaviour were noted to 

investigate whether prey actively reduce predation risk even under no perceived risk. 

Based on the behaviour observed, two categories of antipredator behaviour were 

defined for each prey species. For F. lapillum, the categories were defined as defensive 

behaviour of crypsis/camouflage to the cobble or macroalgae and freezing (freezing for 

at least 10 seconds or not moving at all during the trial). For H. rotundifrons, the 

categories were defined as behaviour that involved freezing (freezing for at least 10 

seconds or not moving at all during the trial) and defensive behaviour (extending 

pincers). Multiple behaviours were often observed in a single trial by a single individual 

and therefore counts of each behaviour during the 5 minute trial were recorded.  

 

2.2.3 Habitat preference under potential predation risk 

This experiment was conducted between August and September 2019. It built upon 

the previous trial to investigate whether the prey use complex habitats more, or 

indeed less in the presence of some perceived risk. To evaluate this, the same protocol 

was used as in the experiment with no risk, but here, following acclimation, as the pipe 

was lifted, a pebble attached to string was dropped into the water ~1cm above the 

prey. The fast movement of the pebble approaching the prey attempted to stimulate a 

stress response in the prey, similar to when a predator approaches prey. During the 

trials to investigate microhabitat choice of prey under no stimulus, it was found that 

prey would generally decide on a preferred habitat within the first 2 minutes. 

Therefore, in this experiment, trials were run for 2 minutes in total. The pebble was 

left in place for the duration of the trial. In this trial, the first microhabitat that prey 

moved to was recorded as the microhabitat preference. If prey visited more than one 

microhabitat within the course of the trial then the preference was determined by the 

habitat in which most time was spent. Again, if prey did not spend any time within any 

habitat, the selection was noted as no microhabitat choice. During experiments 

investigating the microhabitat choice of F. lapillum and H. rotundifrons under stress 

stimulus, the same protocol as in the experiment with no stimulus was used to 

determine if there are recurring patterns of antipredator behaviour when under 

predation risk, or whether they differ.  
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2.2.4 Habitat preference with predator stimuli  

These experiments were conducted in September 2019 and investigated the influence 

of visual and olfactory predatory stimuli from P. colias on the habitat preference of 

their prey. The same protocol was used as in previous experiments, with the addition 

of one of three predator stimuli treatments; a visual stimulus only, an olfactory 

stimulus only, and the combination of both visual and olfactory stimuli together. The 

same choice chamber arena was used in this study, but here it was placed inside a 

larger 1000L circular plastic tank containing a single P. colias. As for the perceived risk 

treatment, trials were run for 2 minutes, with the habitat preference defined as the 

first and only habitat chosen, or the habitat in which the prey spent most time. Again, 

if prey did not spend any time within any habitat, the selection was noted as no 

microhabitat choice. As before, antipredator behaviours in two different categories 

were recorded as counts. Three predator stimuli were captured as follows: 

 

Visual stimulus only 

The experimental arena was housed within a larger circular tank containing P. colias, 

which was uncovered and setup so that opening was 10cm above the water level of 

the outer tank (seen in Figure 2.2). This allowed the prey to view P. colias in the outer 

tank but the water containing the olfactory cue from P. colias was unable to  flow into 

the experimental tank.   

 

Olfactory stimulus only  

The experimental arena was housed within the larger circular tank containing P. colias, 

but it was covered with shade cloth on all exposed sides except the opening on the 

top. It was positioned such that the top of the tank was ~1cm below the water level of 

the outer circular tank (seen in Figure 2.2 ) allowing the water containing the P. colias 

and its cue to flow into the experimental tank. Prey were able to detect the olfactory 

stimulus, but could not see the predator.  
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Visual and olfactory stimuli combined 

The experimental arena was housed, uncovered within the larger circular tank 

containing P. colias and positioned such that the top of the tank was ~1cm below the 

water level of the outer circular tank (seen in Figure 2.2). This allowed the olfactory 

cue from P. colias to flow into the experimental tank while simultaneously allowing the 

prey to view P. colias in the outer tank. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Experimental setup to investigate whether the prey items F. lapillum and H. rotundifrons 

prefer complex microhabitats under no perceived risk as well as under potential predation risk. A) Shows 

the experimental arena, 300mm x 600mm x  300mm. Also the position of the two dividers separating the 

arena into four chambers. Each supporting a different microhabitat assemblage of either cobble; cobble 

and rock; cobble and C. maschalocarpum; cobble, rock and C. maschalocarpum.. B) Shows the same 

arena used for the experiment with potential risk, however also showing the location of the pebble used 

to stimulate a stress response in prey.  

 

(A) No Risk 

(B) Potential 
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Figure 2.2: Experimental setup to investigate whether the prey items F. lapillum and H. rotundifrons 

select complex microhabitats under predatory stimuli from P. colias. Each diagram shows the location of 

the arena within the larger outer tank (1000L, 1100mm x 650mm) containing P. colias. (A) With visual 

stimulus: the water from the larger tank couldn’t flow into the arena and the prey were only able to use 

the visual stimulus of P. colias. (B) With olfactory stimulus: to prevent visual stimulus, the arena was 

covered with shade cloth (green) on all sides except the top and was below the water level of the larger 

tank, allowing olfactory cues to flow into the arena. (C) With both stimuli, the arena was below the water 

level of the larger tank to allow for olfactory cues, and was uncovered to allow prey to observe P. colias. 

(A) Visual Stimulus 

(B) Olfactory Stimulus 

(C) Visual and Olfactory Stimulus 

(B) Olfactory Stimulus 
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2.2.5 Statistical Analyses 

Multinomial Exact Tests were conducted separately to test whether F. lapillum and H. 

rotundifrons prefer complex microhabitats during experiments under no perceived 

risk, a potential predation risk and visual and olfactory predatory stimuli, or whether 

the observed counts within each microhabitat were equal. As each Multinomial Exact 

Test was performed comparing counts of individuals in five categories (C = cobble; CR = 

cobble and rock; CK= cobble and kelp (C. maschalocarpum); CRK= cobble, rock and kelp 

(C. maschalocarpum) and NC = no choice made), the expected counts were calculated 

by dividing the number of individuals in each experiment (n) by the number of 

categories (5). For experiments where observed counts significantly deviated from an 

equal distribution, Pairwise Tests were conducted to see whether the counts within 

specific microhabitat categories deviated significantly from the expected count in an 

equal distribution. As multiple pairwise tests were performed at the same time, I 

applied the Bonferroni correction to the significance test. Statistical analyses were 

conducted in R (R Core Team 2018) using the package XNomial (Engels 2015) to 

perform Multinomial Exact Tests. 

 

Frequency of combined antipredator behaviour, as well as the individual antipredator 

behaviours (freezing, defensive) were analysed over pooled treatments (under no 

predation risk, potential predation risk and under a visual stimulus, olfactory stimulus 

and both stimuli together) and over treatments separately for both F. lapillum or H. 

rotundifrons together and in isolation.  Generalized linear models (GLM) specifying a 

Poisson error distribution and a log linear link function were used to compare the 

frequencies of antipredator occurrence. The observed counts for each antipredator 

behaviour, for each treatment, were added to the model with the number of trials as 

an offset, as the number of trials differed between treatments. Statistical analyses for 

GLM were conducted using the base package in R (R Core Team 2018).  
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2.3 Results 

 

2.3.1 Habitat preferences  

No predation risk  

The average time taken for F. lapillum to select a microhabitat under no predation risk 

was 52.26 s ± 7.62 (mean ± SE) and for H. rotundifrons was 61.82 s ± 11.30 (mean ± SE). 

The observed counts of microhabitats chosen under no predation risk deviated from 

an equal distribution for both F. lapillum (Multinomial Exact Test, P <.001, Figure 2.3) 

and H. rotundifrons  (Multinomial Exact Test, P < .04, Figure 2.3). Both prey showed a 

significant choice for complex microhabitats in the absence of any predation risk with 

both F. lapillum and H. rotundifrons preferentially selecting the cobble, rock and kelp 

(CRK) microhabitat more than expected (Multinomial Pairwise Test, P < .05, Figure 

2.3).   

 

Figure 2.3: Frequency counts (count ± 95% confidence interval) of F. lapillum and H. rotundifrons that 

selected each microhabitat when under no predation risk. Microhabitats are as follows: C = cobble; CR = 

cobble and rock; CK= cobble and kelp (C. maschalocarpum); CRK= cobble, rock and kelp (C. 

maschalocarpum) and NC = no choice made. Also displaying microhabitats that were selected significantly 

higher than expected (*) or significantly lower than expected (+) if all were selected equally in the Exact 

Multinomial Test (p < 0.05).  
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Potential predation risk 

The observed counts of microhabitats chosen under a potential predation risk deviated 

from an equal distribution for both F. lapillum  (Multinomial Exact Test, P <.001, Figure 

2.4) and H. rotundifrons  (Multinomial Exact Test, P < .05, Figure 2.4). F. lapillum 

significantly preferred to use complex microhabitat in the presence of potential 

predation risk and preferentially selected the cobble, rock and kelp (CRK) microhabitat 

more than expected (Multinomial Pairwise Test, P < .001, Figure 2.4).  H. rotundifrons 

did not show a significant preference for a microhabitat, however they show a 

potential preference for any microhabitat complexity over no microhabitat at all 

(Figure 2.4).  

 

 

Figure 2.4: Frequency counts (count ± 95% confidence interval) of F. lapillum and H. rotundifrons that 

selected each microhabitat when under potential risk. Microhabitats are as follows: C = cobble; CR = 

cobble and rock; CK= cobble and kelp (C. maschalocarpum); CRK= cobble, rock and kelp (C. 

maschalocarpum) and NC = no choice made. Also displaying microhabitats that were selected significantly 

higher than expected (*) or significantly lower than expected (+) if all were selected equally in the Exact 

Multinomial Test (p < 0.05).  
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Stimuli from P .colias 

The observed counts of microhabitats chosen under all treatments of  predatory 

stimuli did not statistically deviate from an equal distribution for both F. lapillum and 

H. rotundifrons (Figure 2.5). Although no distributions of any variation of predatory 

stimuli significantly deviated from an equal distribution, there were some non-

significant trends in the habitat choices of the two prey species. F. lapillum were more 

inclined to preferentially chose more complex microhabitats than H. rotundifrons in 

general. They chose the most complex microhabitat, an assemblage of cobble, rock 

and kelp or the intermediate microhabitats of cobble and kelp or cobble and rock at 

higher frequencies, whereas H. rotundifrons tended to choose cobble and rock or 

cobble and kelp and failed to choose any microhabitat as refuge under a visual 

stimulus (Figure 2.5).  
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Figure 2.5: Frequency counts (count ± 95% confidence interval) of F. lapillum and H. rotundifrons that 

selected each microhabitat when under visual stimulus, olfactory stimulus and both stimuli. 

Microhabitats are as follows: C = cobble; CR = cobble and rock; CK= cobble and kelp (C. maschalocarpum); 

CRK= cobble, rock and kelp (C. maschalocarpum) and NC = no choice made.  
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2.3.2 Observed Antipredator Behaviour  

The relative frequency of freezing behaviour, combined over all treatments, was 

observed significantly more for H. rotundifrons (t = 1.04, df = 16, P < .01, Fig. 2.6). 

However the relative frequency of defensive behaviour, combined over all treatments, 

was not significantly different between species (Figure 2.6). Freezing behaviour was 

observed significantly more for H. rotundifrons under a visual stimulus (t = 1.79, df = 1, 

P < .05, Fig. 2.7). No other significant differences in freezing behaviour, across 

treatments, were found between the two species (Figure 2.7). Defensive behaviour 

was not observed to be significantly different for either species under all treatments 

(Figure 2.8). 

 

 

 

Figure 2.6: Relative frequency of each antipredator behaviour (% ± SE) for F. lapillum and H. rotundifrons. 

Significant differences (P < 0.05) relative to different prey are denoted by * . 
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Figure 2.7: Frequency of freezing behaviour (% ± SE) for each treatment; when under no predation risk, 

potential predation risk and under a visual stimulus, olfactory stimulus and both stimuli together. For 

both F. lapillum and H. rotundifrons. Significant differences (P < 0.05) relative to different prey are 

denoted by *. 

 

Figure 2.8: Frequency of defensive behaviour (% ± SE) for each treatment; when under no predation risk, 

potential predation risk and under a visual stimulus, olfactory stimulus and both stimuli together. For 

both F. lapillum and H. rotundifrons.  
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2.4 Discussion  

It is evident that prey species F. lapillum and H. rotundifrons have a preference for 

complex macroalgal microhabitats in the absence of perceived predation risk. This may 

be due to the refuges provided complex microhabitats. However, the preference for 

complexity was only found under no risk and potential risk scenarios, and not in the 

presence of any true predatory stimuli from P. colias. This study also suggests that H. 

rotundifrons displays freezing behaviour under predation risk, particularly under a 

visual predation stimulus. The preference for complex microhabitats observed when 

prey had no perceived predation risk suggests complex microhabitats containing 

macroalgae may aid small temperate reef fish and mobile invertebrates to passively 

reduce detection by nearby predators. Even when predation risk is low, certain species 

may prefer complex microhabitats as it allows them to undertake specific predator 

avoidance responses (Scharf et al. 2006) such as burrowing observed in both species. 

Yet the preference for microhabitat complexity is likely for a range of benefits in 

addition to predator avoidance; complex microhabitats are good sources of food and 

shelter (Bruno and Bertness 2001, Chaves et al. 2013). Inhabiting open areas such as 

cobble or sand exposes prey to predators but also provides less food (Heck and 

Crowder 1991, Chaves et al. 2013) and less shelter from high flowing currents (Parsons 

et al. 2018). Prey may therefore be better placed to inhabit complex habitats for their 

full range of benefits and opportunities. 

 

Variable environmental conditions such as turbidity and low light availability can result 

in ambiguous predatory cues in the marine environment (Wisenden 2000, Ranåker et 

al. 2012). Where prey detected a potential predation risk, but no predatory stimulus 

was present, F. lapillum predominantly used complex habitats whereas H. rotundifrons 

used varying levels of complexity to hide within. The difference in the reliance of the 

two species on complex habitats, in response to potential risks, suggest that shelter 

provided by complex macroalgal habitats is important for small bodied fish similar to F. 

lapillum (Wilson et al. 1990, Guidetti 2000). Choosing complex microhabitats like 
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macroalgae is likely the best form of protection from large-bodied predators for F. 

lapillum (Warfe and Barmuta 2004, Susannah et al. 2011). By contrast, H. rotundifrons 

regularly displayed behaviours of freezing in response to predatory cues. These results 

suggest that instead of using complex macroalgal habitats for refuge, small crustaceans 

use robust morphology, in the form of extended pincers, as a mechanical defence. 

Increasing the gape size needed for a predator to swallow its prey can limit 

consumption rates (Persson et al. 1996) and H. rotundifrons has been shown to exhibit 

the defensive behaviour of extended pincers in other studies (Field 1990, Hazlett and 

McLay 2000) and did so here at low frequencies in response to all treatments. 

However freezing was observed predominantly under visual stimulus by P. colias, and 

moderately across all other treatments, suggesting when H. rotundifrons can see its 

predator, they further rely on their hard shell, to prevent predators from consuming 

them (Barshaw et al. 2003, Patek and Oakley 2003).  

 

In response to predatory cues from P. colias, F. lapillum and H. rotundifrons showed 

similar trends in habitat preference as in other trials but differences were not 

statistically significant. It is possible that due to the experimental set up  whereby 

P.colias was able to swim 360 degrees around the experimental arena, this may have 

confounded the results. Prey might, for example have been simply selecting the 

microhabitat furthest away from the predator when the visual cue was available, and 

not the microhabitat that they would choose under true predation risk. It is likely that 

experiments with just the olfactory stimulus from P. colias wouldn’t be affected by 

this, but noting the predators position at the time of microhabitat selection or fixing its 

location could disentangle the microhabitat choice of F. lapillum and H. rotundifrons 

when it is truly effected by predatory cues of P. colias. 

 

Herbivorous and omnivorous fish are more abundant in habitats with high macroalgal 

complexity when compared to less complex habitats (Parsons et al. 2016) and the 

abundance of small reef fish,  similar to F. lapillum,  positively increases with 

macroalgal cover (Willis and Anderson 2003). Macroalgal habitats with mixed stands of 
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M. pyrifera, C. maschalocarpum and C. retroflexa, common New Zealand macroalgal 

species, are associated with higher abundances of F. lapillum when compared to single 

macroalgal species or the absence of macroalgae (Pérez-Matus and Shima 2010). High 

refuge availability is necessary for F. lapillum and for small fish species, as the diet of 

piscivorous predators is gape limited and the small size of F. lapillum puts them at risk 

of higher mortality than larger bodied prey fish (Persson et al. 1996).  Although many 

mobile species are found within macroalgal habitats, not all rely on these habitats to 

avoid predation. Crustaceans such as small demersal crabs are also found at higher 

abundance within the rocky substrate and the understory of macroalgal forests of M. 

pyrifera (Hines 1982). However crustaceans burrow into substrate and use mechanical 

defensive mechanisms in response to predators , as was evident in the results of this 

study. The lower mobility of crabs in comparison to small fish, may mean that 

effectiveness of these antipredator tactics may outweigh the need for crustaceans to 

hide within macroalgal plants and that with reduced macroalgal complexity, 

crustaceans can still use the same defensive antipredator behaviours (Hazlett and 

McLay 2000, Bouwma and Hazlett 2001).  
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Chapter 3  

Influence of habitat complexity on P. colias predation 

 

 

3.1 Introduction 

 

Increased physical structure of a biogenic habitat increases microhabitat availability 

and niche space, allowing predators and prey to coexist (Crowley 1978). Species 

richness and abundance increase with increasing habitat complexity because there is 

greater surface area available for species to inhabit (Bruno and Bertness 2001, Hauser 

et al. 2006). Complex habitats can reduce predator efficiency by impeding predator 

movement (Gregor and Anderson 2016) and providing refuges for prey that prevent or 

reduce their detection (Murdoch and Oaten 1975, Lannin and Hovel 2011, Clemente et 

al. 2013). The physical structure of a biogenic habitat can vary spatially and temporally, 

resulting in changes to its complexity and the microhabitat availability that it offers for 

the community (Langellotto and Denno 2004). Reduced habitat quality due to habitat 

destruction (Teagle et al. 2017) and climate change (Edwards and Hernández-Carmona 

2005), reduces the complexity available to mediate predator-prey relationships. Low 

habitat complexity then has knock on effects of reduced species richness  (Gratwicke 

and Speight 2005, Airoldi et al. 2008), biodiversity (Tilman et al. 2017, Teagle and 

Smale 2018) and refuge space available for prey (Rogers et al. 2014). 

 

Complex habitats can offer physical refuges that are inaccessible to predators and 

therefore provide protection for prey (Hixon and Beets 1993, Almany 2004, Wen et al. 

2013). When presented with reliable cues of predation risk, prey increase competition 

for refuge space within microhabitats (Hixon and Beets 1993) and decrease foraging 

activity (Kim et al. 2009) to reduce the chance of an interaction with a predator. 
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On tropical coral reefs, high complexity habitats provide numerous cracks, crevices and 

holes that provide predation refuges and support increased abundance (Gratwicke and 

Speight 2005) and biodiversity (Jones et al. 2004) of the community (Ménard et al. 

2012). The cumulative effects of climate change, notably warming and ocean 

acidification threaten tropical coral reefs, and are causing a flattening of reef structure 

around the world (Alvarez-Filip et al. 2009, Pelejero et al. 2010, Kiessling and Simpson 

2011). Using models that explicitly capture the effects of refuge loss on tropical coral 

reefs, it has been shown that declining habitat complexity results in reduced fisheries 

productivity, driven by decreased abundance and growth of large-bodied predators 

(Rogers et al., 2014). Degradation of tropical coral reefs alters prey availability and 

leads to shortened food chains, ultimately altering the trophic structure (Hempson et 

al. 2017).  

 

On temperate reefs, we know that complex macroalgal beds support higher species 

diversity and abundance (Bruno and Bertness 2001, Norderhaug et al. 2007) through 

the provision of microhabitats and refuges (Anderson 2001, Kovalenko et al. 2012). 

However, we don’t yet have a good understanding of how macroalgal degradation 

alters the flow of energy through the food web and influences the productivity of 

higher trophic levels. Macroalgal habitats mediate predator prey interactions by 

providing a refuge for prey species much like coral reefs do (Anderson 2001, O’Brien et 

al. 2018). However, studies so far show that refuge availability in macroalgal habitats is 

dependent on the presence and quantity of habitat structure  (Anderson 2001, Hesse 

et al. 2016), rather than the specific abundance and size of reef crevices as in tropical 

reef environments (Hixon and Beets 1993, Rogers et al. 2014). Artificial plants have 

been used in various experiments in an attempt to standardise the effect of macroalgal 

habitat complexity (Gotceitas and Colgan 1989, Hauser et al. 2006) and they were 

successful in finding a positive relationship between complexity and abundance. 

However, there are a lack of studies that use artificial habitats to standardise 

macroalgal complexity and then quantify its effect on predator prey interactions and 

the productivity of higher trophic level organisms. 
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Although its overall benefits are well documented, habitat complexity has complex, 

non-linear impacts on the foraging success of predator species (Gotceitas and Colgan 

1989). In high complexity habitats, the foraging success of predators might be reduced 

because prey can hide in refuges (Orth et al. 1984, Wilson et al. 1990, Carroll et al. 

2015), whereas in low complexity habitats prey are more exposed and their chances of 

survival are lower (Crowder and Cooper 1982, Norbury and van Overmeire 2019). 

However, the relationship between habitat complexity and the foraging success of 

predators is not necessarily linear because prey abundance can also change with 

habitat complexity (Hauser et al. 2006, Pérez-Matus and Shima 2010). Low complexity 

habitats tend to support fewer prey, whereas high complexity habitats support more 

(Alvarez-Filip et al. 2011, Carter et al. 2018). There is a trade-off between more, less 

available prey, and fewer more available.  

 

Predator prey equations have been developed to describe the dynamics of systems in 

which two species interact as predator and prey, providing a framework to model the 

dynamics of predator prey systems. The Lotka – Volterra equations were developed 

separately by Lotka (1925) and Volterra (1926) to predict how the dynamics of 

interacting predator and prey populations will change over time. The model describes 

the dynamics of ecological systems that are shaped by interactions between predators 

and prey (Lotka 1925, Volterra 1926) and predicts that when prey are abundant, 

predators thrive but will ultimately exhaust their food supply and decline. The prey 

population increases again as the predator population is low and the populations 

continue to alternate between cycles of growth and decline.  

 

A large determinant of dynamic stability in a food web is the way a predator responds 

to a change in prey density, seen in Figure 3.1 as one of three types of functional 

response (Holling 1959). Habitat complexity and refuge availability can influence the 

shape of functional response curves and population dynamics. When habitat 

complexity and therefore refuge availability is high at low prey densities, prey 

consumption is low because most prey are within refuges. As prey density increases, a 
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decreasing proportion are able to take refuge, and predator consumption rates begin 

to increase, until they level off when predators become satiated, or handling times 

limit intake rates. As a result, in high complexity habitats, we might expect to see a 

Type III functional response (Johnson 2006, Toscano and Griffen 2013) (Figure 3.1), 

which tends to stabilise predator-prey interactions and cycles (Oaten and Murdoch 

1975, Sarnelle and Wilson 2008). When habitat complexity and refuge availability is 

low, prey are easier for predators to capture, even at low density. As their density 

increases, consumption rates increase more linearly up to the point of  satiation in a 

pattern typical of a Type I or II functional response (Figure 3.1). Type I and type II 

functional responses can be destabilising because even small densities of prey suffer 

high levels of consumption. This can ultimately result in less stable population 

dynamics with large predator-prey oscillations and eventually local prey extinctions 

(Hassell 1978). Habitats with intermediate complexity, can sometimes be optimal for 

predator foraging and productivity because they support a higher abundance of prey 

than low complexity habitats but have fewer refuges for prey to avoid predation than 

complex habitats (Crowder and Cooper 1982, Rogers et al. 2018). 

 

 

Figure 3.1: Graph showing the relationship between prey consumption and prey density, described 

by Holling (1959) as three functional response types. 
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Chapter Aim 

Macroalgal habitats have potential interacting benefits and costs for predators, as 

increased macroalgal biomass supports higher richness and diversity of prey species 

(Pérez-Matus et al. 2007), but prey within these habitats might be more difficult to 

catch (Wilson et al. 1990). Understanding how macroalgal habitat complexity effects 

consumption rates in the temperate predator P. colias is important in determining 

whether complex habitat alters their functional response. The aim of this chapter is to 

evaluate whether macroalgal habitat complexity influences the consumption rates 

and/or the shape of the functional response curve for the temperate coastal predator 

blue cod, P. colias, and two of its common prey items.  

 

To determine whether the daily consumption rates of P. colias differ in response to 

habitat complexity, I conducted a mesocosm experiment at Victoria University of 

Wellington Coastal Ecology Laboratory (VUCEL) between March and October 2019. The 

experiment manipulated habitat complexity through the use of artificial macroalgal 

structures based on the giant kelp, M. pyrifera, and explored daily consumption rates 

across three different prey densities (2,4, and 6). As increased habitat complexity is 

known to reduce predator consumption rates, I expected the consumption rates of P. 

colias to be higher in the absence of habitat and the functional response of P. colias to 

differ in the absence or presence of artificial macroalgal habitat.   

 

Study Species  

P. colias is a large bodied temperate reef fish exclusively found throughout the coastal 

waters of New Zealand but is most abundant south of the Cook Strait (Carbines, 1998). 

P. colias reside in sub tidal slow flowing habitats such as rocky reef fringes, biogenic 

structures such as mussel beds and macroalgal forests or gravel and sandy bottoms, 

often in coastal areas shallower than 150m (Anderson et al. 1998, Carbines and 

Mckenzie 2004) (Anderson et al. 1998, Carbines and Mckenzie 2004). P. colias is a 

suitable species to use to investigate the consequences of macroalgal habitat loss on 
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the foraging success of a coastal fishery species, as they are a sought after recreational 

and commercial inshore finfish that often inhabits macroalgal habitats in New Zealand.  

 

Two different prey species were used in the study as P. colias is an opportunistic 

benthic carnivore. The diet of P. colias  is broad and largely depends on the availability 

of prey in the local habitat but is dominated by small fish, crustaceans and molluscs 

(Jiang and Carbines 2002). Therefore a small fish and invertebrate species were 

selected because they differed in their behaviour and accessibility to blue cod; the 

common triplefin, Forsterygion lapillum, is a small temperate fish found in subtidal 

rocky reef habitats around coastal New Zealand and is associated with clusters of 

mixed algal habitats from Laminareales and Fucales families. The big handed crab, 

Heterozius rotundifrons, is a small brachyuran crab also abundantly found in rocky 

coastal habitats around New Zealand, more sedentary in nature than F. lapillum and 

often found in groups within cobble and rocks.  

 

3.2 Methods 

 

3.2.1 Fish and invertebrate collections 

F. lapillum were collected by hand nets, aided by snorkel and SCUBA, from the 

infralittoral zone at two Wellington rocky shore sites: Kau Bay (latitude: -41.287623°, 

longitude: 174.829033°) and Point View Breaker Bay (latitude: -41.344759°, longitude: 

174.820649°). H.rotundifrons were collected by turning over rocks in the intertidal 

zone of Kau Bay during low tide. Both prey species were collected between February 

and September 2019. The individuals collected were returned to Victoria University’s 

Coastal Ecology Laboratory (VUCEL) and stored separately prior to all trials in acrylic 

plastic tank with flowing natural seawater. Tanks measured 59 x 30 x 30 cm, and were 

lined with a layer of cobble (~2cm thick) to provide some natural substrate. Both prey 

species were fed a diet of crushed mussel every 3 days. Blue cod, P. colias were 

collected by local fishermen from the Cook Strait, Wellington between March and 

October 2019 using cod pots (to prevent damage to mouths or lips from line fishing). 
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Predators were maintained in an outdoor plastic 1000L tank with flow through 

seawater at VUCEL for 36 hours prior to experiments. Predators were starved for 36 

hours prior to each experiment and were not unnecessarily handled in order to reduce 

stress. 

 

 

3.2.2 Predator consumption with and without habitat complexity 

 

To investigate the effect of habitat complexity on blue cod predation rates, nine 

experimental mesocosms were constructed from 1000L tanks with constant flow 

through seawater and shade cloths to standardize light availability. Each trial used a 

mesocosm that contained a single P. colias, one of three densities (2, 4 or 6) of F. 

lapillum or H. rotundifrons and either a standardized artificial habitat constructed to 

replicate the refuge provided by a common New Zealand macroalgae, Macrocystis 

pyrifera, or no habitat at all. The artificial macroalgal habitat (Figure 3.2) replicated 3 

stipes (75cm in length) containing 20 alternating blades 1.5cm apart, 15cm below the 

surface of the water. The 3 stipes were each made of braided polypropylene rope and 

the blades were stripes of green and brown polyester bemsilk fabric cut 40 cm long 

and 5cm wide then tied to the rope. All three ends of the rope had a 4oz lead reef 

sinker attached to keep the artificial habitat weighted to the bottom of the tank floor 

while the other three ends were tied to a 30 x 10cm plastic float, allowing the artificial 

habitat to span the entire water column. Each P. colias was between 33cm and 35cm 

in length which is known to be the length range for mature adults. Both male and 

female P. colias were used as sex was not assumed to have an effect on the outcome 

of the experiment. Prior to the experiment, P. colias were housed individually and 

starved for 36 hours.  

 

To begin each trial, at 08:00 an opaque plastic barrier was added to the middle of the 

tank to separate the tank into two sides. A single predator was contained on one side 

and the prey were haphazardly added to the other side of the partition, which also 

contained the complex habitat when used. This allowed the prey to acclimate to the 

tank and if they wanted to, to take refuge in the complex habitat. The partition was 
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left in place for 1 hour and then removed so that predators could access prey. The 

mesocosms were checked after 24 and 48 hours, at which points the remaining prey 

were counted. After a maximum of 48 hours, trials were ended and any remaining prey 

were recorded and removed. A trial was stopped early if all prey were consumed 

before 48 hours. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Experimental setup of the mesocosms used to evaluate the consumption rate on prey items 

by the model predator P. colias with and without (right)  artificial macroalgal habitat. Unbroken arrows 

represent the dimensions of the tanks, dashed arrows represent the height of the water level and 

dotted arrows represent the flow of seawater. In trials with artificial macroalgal habitat (left), each tank 

contained three artificial macroalgal fronds with weights on the bottom ends and the top ends tied to a 

surface float.  

 

3.2.3 Statistical Analyses 

Daily consumption rate was calculated by dividing the number of prey consumed by 2 

days (the maximum length of the trial), except if all prey were consumed within the 

first day, in which case the number of prey consumed was divided by 1 day. 

Generalized linear models (GLM) specifying a Poisson error distribution and a log linear 

link function were used to compare the daily consumption rates of F. lapillum and H. 

rotundifrons with and without macroalgal habitat both separately and also between 

(a) (b) 
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prey species. The initial prey density for each trial was added to the model as an offset, 

as the daily consumption rate in each trial was relative to the number of prey available 

per trial (either 2, 4 or 6). Statistical analyses were conducted using the base package 

in R (R Core Team 2018).  

 

As the consumption rate of F. lapillum by P. colias was found  to significantly differ 

with and without macroalgal habitat, functional response curves were fitted to 

evaluate whether the consumption rates also differed as a function of F. lapillum 

density. Response curves were calculated using non-linear least squares regression 

(nls) and fitted to equations of the Holling Type I, II and III functions: 

 

Holling I: 

𝐹 = 𝑎𝑥 + 𝑏 

Holling II: 

𝐹 =
𝑎𝑥

1 + 𝑏𝑥
 

Holling III: 

𝐹 =
(𝑎𝑥)𝑛

1 + (𝑏𝑥)𝑛 

 

F denotes number of prey consumed, 𝑎 denotes attack rate of prey, b denotes average 

time handling prey, n denotes the exponent that describes the shape of the functional 

response and 𝑥 denotes the prey density. Holling curves were compared using Akaike 

Information Criterion (AIC) values to find the Holling type models of best fit (lower AIC 

implies a better model fit). The statistical software R (R Core Team 2018) was used, 

along with the package tidyverse (Wickham et al. 2019) . 
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3.3 Results 

 

Daily consumption with and without complexity 

The daily consumption rate of F. lapillum by P. colias was significantly lower with 

complex habitat, than without, (t = 0.73, df =20, P < .05, Figure 3.3). The mean daily 

consumption rate was twice as high without habitat (2.27 ± 0.57 SE) than with habitat 

(1.04 ± 0.27 SE). There was no significant difference between the consumption rates of 

H. rotundifrons with or without complex habitat (Figure 3.3). The daily consumption 

rate without habitat was significantly higher for F. lapillum than for H. rotundifrons, (t = 

1.37, df =18, P < .01, Figure 3.3). The mean daily consumption rate of F. lapillum 

without habitat was 4 times higher (2.27 ± 0.57 SE) than of H. rotundifrons (0.61 ± 0.33 

SE). There was no significant difference between the consumption rates of F. lapillum 

and H. rotundifrons with complex habitat (Figure 3.3).  

  

 

Figure 3.3: Absolute daily consumption rate of F. lapillum and H. rotundifrons  (mean ± SE) by P. colias, 

pooled over the trials with or without artificial macroalgal habitat.  
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Functional response with and without complexity 

By considering the number of prey consumed as a function of their density with and 

without habitat complexity, we explored whether complex habitats alter the functional 

response curve for P. colias for each model prey species. For F. lapillum, there was no 

significant difference in the model fit between a Type I and Type II  functional response 

with and without habitat complexity (Table 3.1). With the limited amount of data, and 

the prey density range that we explored, it was not possible to fit a Type III functional 

response. Since Type I is the simpler model, it is the model of choice for both 

treatments (Figure 3.4). It is clear when examining the data, that higher replication, 

and in particular, data at a much higher prey density is needed to examine the full 

functional response and to determine whether it differs with and without macroalgal 

habitats. However, with the range of prey densities used, there is a qualitative 

difference in the slopes of the Type I (linear function) function with and without 

habitat complexity (Figure 3.4). The shallow slope observed in the presence of complex 

habitat could be the start of an accelerating curve indicative of a Type III functional 

response, whereas the steeper rate of increase without habitat could indicate the 

beginning of either a Type I or Type II response (Figure 3.5). Further studies should 

explore this response over a broader range of prey densities as this would inform 

fisheries models and management for P. colias. 

 

Table 3.1: AIC values for models of Type I and II functional responses fitted to F. lapillum consumption 

with and without habitat complexity.  

Habitat Complexity Model (Functional Response) AIC  

With Habitat  Type I 37.92 

Type II 37.87 
Without Habitat Type I 40.26 

Type II 37.95 
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Figure 3.4: Number of F. lapillum consumed  (mean ± SE) by P.colias at initial densities of 2, 4 or 6 and 

with artificial macroalgal habitat (left) or without (right). Type I Holling functions (linear function) fitted 

to the number of F. lapillum consumed by P. colias, with increasing prey density.  

 

 

 

Figure 3.5: Different slopes  plotted with increasing prey density and consumption rate of F. lapillum by 

P. colias, with and without macroalgal habitat. The prey densities  up until F. lapillum are plotted against 

true consumption data with linear a equation, after which the dotted lines show the possible 

extrapolation of the curve  if the consumption by P. colias with habitat followed a Type III response 

(sigmoid) and without habitat a Type II response.   
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The non-significant effect of complex habitat on the daily consumption rates of H. 

rotundifrons meant that it was unlikely that any difference would be found between 

functional response curves with and without habitat, and we did not fit curves to this 

data (Figure 3.6)  

 

Figure 3.6: Number of H. rotundifrons consumed (mean ± SE) by P. colias at initial densities of 2, 4 or 6 

and with artificial macroalgal habitat (left) or without (right).  

 

3.4 Discussion 

This study suggests that a loss of macroalgal habitat complexity may result in increased 

consumption rates of temperate prey fish F. lapillum by P. colias. However, a lack of 

data on consumption rates at high prey density meant that it was not possible to 

examine differences in the functional response. The consumption of prey is still 

accelerating with 6 F. lapillum, the highest prey density used in this study, in both 

responses with and without habitat. Higher prey densities are needed to capture the 

complete response of P. colias, where prey reach densities high enough for handling 

times and satiation to slow the predators consumption rate to a point where it reaches 

an asymptote. Given the difference in the slopes of the response curves with and 

without habitat, the potential accelerating response with increasing density of F. 
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lapillum with habitat, which is typical of Type 3 functions, could possibly be attributed 

to the refuge offered by habitat complexity. 

 

These results are consistent with similar studies that found habitat complexity and 

increased refuges reduce consumption rates when compared to less complex habitats 

(Murdoch and Oaten 1975, Lannin and Hovel 2011, Clemente et al. 2013). The 

insignificant difference between the consumption rate of H. rotundifrons with and 

without macroalgal habitat could be due to the lower preference for complex 

macroalgal habitats under potential predation risk, as was found in the earlier 

experiment on the influence of habitat complexity on P. colias prey availability and 

behaviour. However the similar consumption rates with and without habitat could also 

be due to the defensive nature of crabs. Specifically, H. rotundifrons have been 

observed to extend their appendages and become rigid when grasped by a predator, 

which can physically inhibit predators from consuming prey by increasing the gape size 

needed for swallowing (Hazlett and McLay 2000). The higher consumption of F. 

lapillum than H. rotundifrons without habitat also suggests that the crabs are less 

palatable or desirable to P. colias, possibly due to their defensive behaviour and hard 

shell.  

 

The cost of habitat complexity on predator consumption rates is also observed in a 

similar study where increased kelp cover reduced detection and predator attack 

success of a temperate reef fish at low prey densities (Johnson 2006). Although 

artificial macroalgal habitats were used in the experiment, they replicated the 

commonly found macroalgae M. pyrifera which has many large long blades. Blades 

provide a physical barrier for small fish to sit on and cling to, and the increased 

structural complexity provided by macroalgae comes at the cost of reduced 

accessibility for large bodied predators (Warfe and Barmuta 2004).   Alongside a 

physical barrier, macroalgae also provide a visual refuge for small individuals which has 

been found to reduce a predators visual contact with prey (Savino and Stein 1982, 

Michel and Adams 2009).  
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Complex macroalgal habitats may support increased refuge availability and lower prey 

consumption rates, however with increasing density of prey, there will be more 

competition for refuges. This may eventually result in an increase in foraging success 

on remaining prey who have reduced access to refuges (Gotceitas and Colgan 1989). A 

weaker reduction in prey mortality in complex macroalgal habitats has been attributed 

to increased prey abundance, when compared to lower prey densities (Johnson 2006), 

which is something this study could potentially disentangle with higher prey densities. 

Small prey fish comparable to F. lapillum find complex macroalgal habitats important 

for refuge and food availability, and this is shown by the reduction of herbivorous and 

omnivorous fish abundance in habitats with low macroalgal complexity (Parsons et al. 

2016). Macroalgal systems support increased abundance and biodiversity (Alvarez-Filip 

et al. 2011) and increased macroalgal cover is positively linked to increased 

abundances of small fish (Willis and Anderson 2003). Therefore increased abundance 

of small prey supported by complex macroalgae may outweigh the trade-off of 

reduced foraging success of predators in complex habitats.  
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Chapter 4  

The consequences of habitat loss for the population dynamics 

of P. colias 

 

4.1 Introduction 

Determining a populations’ growth rate is important for predicting future trends in 

abundance and population dynamics (Sibly and Hone 2002). Population growth rates 

describe the per capita rate of growth and influence whether a population is stable or 

whether the abundance is changing over time (Caley et al. 1996). Larval supply and 

recruitment influence population abundance but physical and biological factors can 

also contribute to variability in recruitment rates (Menge 2000). Varying predation 

pressure, resource availability and environmental forces drive variability in larval 

mortality, which influences the strength and patterns of recruitment to the adult 

population, both spatially and temporally (Cushing 1995, Pécuchet et al. 2015). 

Resource availability is a key determinant of individual and population growth (Sibly 

and Hone 2002), and for marine predators, this is largely driven by the availability of 

prey. Generalist predators opportunistically feed and consume more than one type of 

prey, often switching between prey species that are more abundant and temporally 

relieving less abundant prey populations from predation pressure (Nordberg and 

Schwarzkopf 2019). Prey switching can help to sustain or increase predator growth and 

abundance by stabilising food availability because prey at low densities suffer reduced 

attack rates and the more abundant species are targeted (Oaten and Murdoch 1975). 

Specialist predators have a narrower breadth of diet and although they are typically 

more efficient at foraging on preferred prey sources, this limits their growth and 

abundance if they overexploit their prey (Terraube et al. 2011). Prey availability is also 

influenced by intraspecific and interspecific competition between predators. As 

predator abundance increases, the ratio between predators and prey increases, 

reducing predator foraging success (Persson 1983). Habitat complexity supports refuge 

availability, which limits foraging in predators, further increasing competition for prey 

(Crowder and Cooper 1982). Mortality influences population growth rates in the form 
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of natural mortality, predation, and in some marine species due to fishing. Natural 

mortality rates can be density dependent, often due to limited refuge availability as 

well as predator functional responses (Anderson 2001). Additionally, certain 

populations are subject to mortality by fishing which can affect age-structures and 

abundance, impacting the growth of populations (Jensen 1984).   

 

Continued ecosystem processes and function depend on habitats maintaining 

complexity to support local population dynamics (Godbold et al. 2011). Using models 

that explicitly capture the effects of refuge loss on tropical coral reefs, it has been 

shown that declining habitat complexity results in as much as a three-fold decrease in 

fisheries productivity, driven by decreased abundance and growth of large-bodied 

predators (Rogers et al., 2014). An increase in climate driven threats to macroalgal 

habitats has also been found to simplify food webs, due to reduced prey availability 

and decreased diversity and abundance of associated species, causing a trophic 

cascade through the rest of the food web (Byrnes et al. 2011). Macroalgal habitats 

have potential interacting benefits and costs for predators. Simplification of rocky 

reefs into barren habitats can disturb predator-prey relationships by reducing prey 

abundance (Guidetti 2000, Hesse et al. 2016), but also increasing predator foraging 

success on the few remaining prey who have reduced access to refuges (Gotceitas and 

Colgan 1989). In contrast, complex macroalgal habitats are known to support greater 

prey abundance and biodiversity  (Pérez-Matus et al. 2007, Alvarez-Filip et al. 2011), 

but refuge availability may invoke a trade-off whereby refuges make prey more 

difficult to catch, and so less available to predators (Wilson et al. 1990, Wen et al. 

2013). Using experimental manipulation to assess predation success, and field 

observations of prey abundance with and without habitat complexity in isolation, 

make it difficult to evaluate the relative importance of habitat complexity for 

population dynamics. Population models are a useful tool to integrate empirical data 

to explore population dynamics. Modelling is particularly valuable when there is a 

trade-off of variables that require simultaneous examination of their influences on 

predator–prey systems (Kellner et al. 2010). Results from such models can highlight 
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the role of different mechanisms on population dynamics, which would otherwise be 

unclear from observed trends found experimentally or in the field.  

 

In Chapter 3, we showed that complex habitats reduce consumption rates of 

Forsterygion lapillum by Parapercis colias. P. colias is an important fisheries species in 

New Zealand, whose dynamics are driven by a combination of fishing mortality, natural 

mortality and habitat quality. It is important to understand whether a decline in the 

complexity of macroalgal habitats known to support P. colias (Schiel 1990, Ministry for 

Primary Industries 2017), will impact their population dynamics. Using a simple 

population model, the aim of this chapter is to explore the trade-off between prey 

abundance and predation success on the population dynamics of P. colias with and 

without macroalgal habitat complexity.  

 

 

4.2 Methods 

4.2.1 General model of population dynamics  

Initially, a general theoretical population model, based on ordinary differential 

equations, was developed to simultaneously examine  the influence of prey availability 

and predator foraging success on the dynamics of a predator-prey system. The general 

model was then implemented for a temperate system, with and without macroalgal 

habitat complexity, to capture the trade-off between P. colias prey abundance and 

predation success. As P. colias is a generalist consumer that opportunistically targets a 

broad range of prey (Jiang and Carbines 2002), the predator-prey system described by 

the general model incorporates a predator with multiple prey (Figure 4.1). The 

population dynamics of the predator P. colias are examined as they relate to the 

availability and attack rate of a focal prey species F. lapillum, a small temperate fish, 

and an alternate prey source, modelled as a more sedentary invertebrate.  
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Figure 4.1: General model schematic with arrows indicating the factors considered and examining the 

trade-off between the availability and predation of multiple prey for predator population dynamics. 

 

To explore changes in the abundance and growth P. colias populations, the predator-prey 

system can be represented by the following equations: 

focal prey (F. lapillum),  

 
𝑑𝑋𝑖

𝑑𝑡
= 𝑟𝑖(1 − 𝑋𝑖 /𝐾𝑖 )𝑋𝑖 −  𝑎𝑖 𝑁𝑋𝑖   

           (1)
            
Predator (P. colias), 

 
𝑑𝑁

𝑑𝑡
= [ 𝑐(𝑎𝑌𝑌 +   𝑎𝑖𝑋𝑖) − 𝑑𝑁 ] − ℎ𝑁𝑁 

 
           (2) 
 
 

Equation (1) describes the dynamics of the focal prey, F. lapillum (X). The focal prey 

population dynamics are driven by the intrinsic rate of increase, r and the carrying 

capacity K for i number of focal prey X. The second term is loss to predation described 

by the attack rate a of the predator, P. colias (N). 
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In order to capture the broad diet of P. colias, a constant pool of alternate prey Y is 

included in the model. We assume that Y represent a suite of prey species whose 

densities would be similar with and without macroalgae, due to them not explicitly 

using macroalgae as a refuge or microhabitat.  

Equation (2) describes the dynamics of our P. colias predator (N). The predator’s 

population dynamics are driven by its population growth rate, minus natural mortality 

dN and mortality due to fishing ℎ𝑁. Population growth rate is a function of the 

conversion efficiency of consumed prey (focal X and alternate Y prey) into additional 

predators c, and the attack rate of the predator on its focal prey a, and its alternate 

prey ay. 

 

Parameters for the base model were taken from previous studies wherever possible, 

otherwise biologically realistic values were derived. The population growth of the focal 

prey, F. lapillum is driven by its annual intrinsic rate of increase, r and remains constant 

in all models. The annual natural mortality rate of P. colias, dN and the conversion 

efficiency of consumed prey into additional predators, c is also assumed to be constant 

in all model runs. Model parameters and sources are detailed in Table 4.1.  

 

4.2.2 The influence of habitat complexity 

 
Using the general model, two contrasting simulations were developed to describe the 

key population dynamics of P. colias in systems with or without macroalgal habitat, to 

examine the trade-off between predation and prey availability.  To model these 

contrasting systems, estimates of attack rates on the focal prey F. lapillum and an 

alternate prey were taken from the results of mesocosm experiments described in 

Chapter 3, while relative estimates of prey abundance came from existing survey data. 

F. lapillum was used as the focal prey of P. colias because it appears to utilise 

macroalgal habitats for refuge and is consumed at a higher rate when macroalgal 

habitat is absent (result described in Chapter 3). For the alternate prey, Y  attack rates 

were constant with and without habitat complexity, and were informed by the average 

consumption rate of H. rotundifrons across mesocosm experiments with and without 
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habitat (Chapter 3). The underlying assumption is that H. rotundifrons is an example of 

species that does not explicitly using macroalgae as a refuge. 

 

Densities of F. lapillum recorded in experimental transects containing sand and rock as 

well as transects containing two stands of M. pyrifera (Pérez-Matus and Shima 2010) 

informed contrasting carrying capacities of F. lapillum for scenarios with and without 

habitat complexity. Alternate prey densities were constant across model scenarios but 

in the absence of survey data for H. rotundifrons, densities of small mobile crustaceans 

surveyed within a mixed species macroalgal habitat (Atalah and Sneddon 2016), 

informed the relative abundance of alternate prey in comparison to that of F. lapillum. 

All other model parameters were held constant across complexity scenarios, as 

detailed in Table 4.1. 

 

To explore the trade-off between prey abundance and consumption rate with and 

without habitat complexity we examined the difference in population growth rates 

and equilibrium population density of P. colias in the two model scenarios. Models 

were run for 50 years, with no fishing mortality. Annual population growth rates (3) 

were calculated as the difference in initial density (at t = 0) and equilibrium density 

(maximum density), over the time it takes for the population to reach equilibrium 

density: 

 

 

𝑑𝑁

𝑑𝑡
=

(𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 − 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑎𝑡 𝑡 = 0)

𝑡max density
 

           (3) 
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Table 4.1: List of parameters used in models of population dynamics of P. colias, with and without 
macroalgal habitat. 
 

 

 

 

 

 

Parameter Estimates  Units Description   Reference 

KX  30 (With Habitat) 

20 (Without Habitat) 

  Indv./30m2 Carrying capacity of 

F. lapillum 

Estimates based on observations of the 

density of F. lapillum in transects either 

with M. pyrifera (1.05/m2 ) or bare sand 

(0.65/4m2) (Pérez-Matus and Shima 2010). 

Y 15  Indv./30m2 Density of an 

alternate prey source  

Estimate based on observations of mobile 

crustacean density within a mixed species 

macroalgal assemblage (0.4/m2)  (Atalah 

and Sneddon 2016). 

aX 1.04 (With Habitat) 

2.27  (Without Habitat) 

 Prey/P. colias Attack rate of Focal 

Prey 

P. colias consumption rates of F. lapillum 

with and without habitat (Chapter 3). 

aY 0.59  Prey/P. colias Attack rate of 

Alternate Prey  

P. colias consumption rate of H. 

rotundifrons averaged over mesocosms 

with and without habitat (Chapter 3). 

dN 0.49  /year P. colias  natural 

mortality rate  

FishBase (M). Accessed 16/12/19   at 

http://www.fishbase.org 

c 0.03  P. colias/prey Predator conversion 

efficiency  

 0.06 (Spencer and Collie 1996) 

 0.01 (Baskett 2006) 

Value unknown for P. colias so was chosen 

to fall within the realm of values from 

similar models. 

 rX 7.82   /year F. lapillum intrinsic 
rate of increase 

FishBase (rm). Accessed 16/12/19  at 

http://www.fishbase.org 

hN Explored range (0, 0.1, 

0.2, 0.3, 0.4, 0.5) 

  /year P. colias fishing 
mortality rate 

 Beentjes and Fenwick 2019 ( 0.34) 
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4.2.3 The impact of fishing mortality 

 

P. colias is an important NZ fisheries species, whose annual catch is approximately 

2150 tonnes (Fisheries New Zealand 2018). Here, we explored the interacting effects of 

fishing and habitat complexity on the population density of P. colias. The effect of 

fishing was evaluated by including fishing mortality across a range of intensities  from 0 

to 0.5. This range captures the current estimate of fishing mortality for P. colias (F 

0.34, Beentjes and Fenwick 2019). All other model parameters were held constant 

(Table 4.1).  

 

4.2.4 Model sensitivities to prey availability 

 
Survey data for the densities of F. lapillum and an alternate P. colias prey source were 

not available at the same sites with and without macroalgal habitat for this study, and 

as such, the values used in our models are necessarily estimates, with a high degree of 

uncertainty. To explore the sensitivity of model results to these uncertain parameters 

we ran model simulations across a broad range of values for both prey types. The 

range in both cases included the original parameter value used and at least a halving 

and doubling of that value in each case. All other parameters were held constant, and 

P. colias equilibrium density was explored as an output.  

 

4.3 Results 

 

4.3.1 The influence of habitat complexity  

The simulated population dynamics indicated that the equilibrium density of P. colias 

after 50 years is twice as high with habitat (5.7 individuals) than without (2.8 

individuals) (Figure 4.2). Despite the lower attack rate on F. lapillum, complexity of 

macroalgal habitats allow prey to reach a density twice as high (7.2 individuals) as in 

the model without habitat (3.3 individuals). This in turn supports the higher abundance 

of P. colias (Figure 4.2). The population growth rate of P. colias with habitat (0.26 per 

year) was also 2 times greater than without habitat (0.11 per year).  
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Figure 4.2: Modelled density of predator P. colias and focal prey F. lapillum over time, with and without 

macroalgal habitat. Parameter values that are the same in both models: rX (focal prey’s per capita 

growth rate) = 7.82, c (conversion efficiency of predator) = 0.03, dN (predator’s per capita mortality rate) 

= 0.49, aY (attack rate of other prey) = 0.59, Y (density of other prey) = 15. Parameters that differ 

between models, with habitat; KX (carrying capacity of focal prey) = 30, aX (attack rate of focal prey) = 

1.04, and without habitat; KX (carrying capacity of focal prey) = 20, aX (attack rate of focal prey) = 2.27. In 

both models, initial densities are set to X0 (focal prey) = 1 and N0 (predator) = 1. 

 

 

4.3.2 The impact of fishing mortality 

The equilibrium density of P. colias was always higher with habitat complexity than 

without, under the full range of fishing intensities (Figure 4.3). However, equilibrium 

density decreases 3 times faster with habitat (-8.03) than without habitat (- 2.52) 

indicating that populations in complex habitats respond more strongly to fishing 

mortality (Figure 4.3). With increasing fishing pressure, the population growth rate 

decreases 3 times faster with complex habitat (- 0.50) than without (- 0.17) (Figure 

4.4). Increasing fishing pressure decreases the population proportionally more when 

there is habitat complexity, with 0.71 of the maximum density of P. colias removed 

with habitat, compared to 0.43 without habitat (Figure 4.5). This indicates that with 

increasing fishing pressure, the greater decrease in the population growth rate with 

complex habitat limits the surplus to fish without reducing the population, more than a 

population without habitat. Notably, the equilibrium density of P. colias with (1.69) 

and without habitat (1.61) was almost the same at the maximum fishing mortality 

(Figure 4.3).  
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Figure 4.3: Equilibrium density of P. colias Parameter values that are the same in both models: rX (focal 

prey’s per capita growth rate) = 7.82, c (conversion efficiency of predator) = 0.03, dN (predator’s per 

capita mortality rate) = 0.49, aY (attack rate of other prey) = 0.59, Y (density of other prey) = 15. 

Parameters that differ between models, with habitat; KX (carrying capacity of focal prey) = 30, aX (attack 

rate of focal prey) = 1.04, and without habitat; KX (carrying capacity of focal prey) = 20, aX (attack rate of 

focal prey) = 2.27. In both models, initial densities are set to X0 (focal prey) = 1 and N0 (predator) = 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: Population growth rate of P. colias under varied fishing mortality rates hN = ( 0, 0.1, 0.2, 0.3, 

0.4, 0.5), with and without macroalgal habitat. 
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Figure 4.5: Proportion of maximum density of P. colias  (density without fishing pressure) under varied 

fishing mortality rates hN = ( 0, 0.1, 0.2, 0.3, 0.4, 0.5), with and without macroalgal habitat. 

 

4.3.3 Model sensitivities to prey availability 

Macroalgal habitats generally support more predators (Figure 4.2), however further 

exploration of the model sensitivities to varied focal prey carrying capacities and 

alternate prey densities reveal that increased complexity drives overall more extreme 

dynamics when (Figure 4.6). P. colias  have a maximum abundance of 17 individuals 

with complex  habitat, whereas P .colias only reaches a maximum of 6 individuals 

without habitat (Figure 4.6). With complex habitat, this occurs when the carrying 

capacity of focal prey is at an intermediate level (Figure 4.6) and P. colias is no longer 

prey limited by refuges. Without habitat, P. colias are most abundant when focal prey 

have a low carrying capacity (Figure 4.6), due to a higher attack rate on focal prey in 

the absence of refuge. However the low carrying capacity of the focal prey limits the 

population from growing as high as it would in complex habitat (Figure 4.6). As the 

carrying capacity of focal prey increases, the density of P. colias decreases as focal prey 

become overexploited in the absence of refuge (Figure 4.6). 
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In both cases, P. colias is most abundant when alternate prey are available at an 

intermediate density (Figure 4.6). P. colias are prey limited and do not persist in both 

scenarios when the alternate prey density and focal prey carrying capacity is low 

(Figure 4.6). With complex habitats, when alternate prey density is extremely high and 

focal prey carrying capacity is low (Figure 4.6), P. colias overexploit the alternate prey 

and access to the focal prey is limited, resulting in low predator density. However as 

focal prey become more available in complex habitats, P. colias density slightly 

increases. Without habitat, when alternate prey density is extremely high and focal 

prey carrying capacity is low (Figure 4.6), P. colias overexploit both the alternate prey 

and the focal prey (Figure 4.6). As the focal prey become more available without 

habitat, P. colias density also slightly increases (Figure 4.6). 

 

 

 

 

 

Figure 4.6: Analysis of P. colias abundance with and without macroalgal habitat to explore model 

sensitivities to least certain parameters of prey availability. Focal prey carrying capacities and alternate 

prey densities range from 0 – 60 individuals per 30m2. 
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4.4 Discussion 

Macroalgal habitats support more predators, but only if there are sufficient alternate 

and focal prey available. Despite a lower attack rate of F. lapillum by P. colias, habitat 

complexity has the trade-off supporting a higher carrying capacity for F. lapillum 

(Pérez-Matus and Shima 2010), allowing the focal prey population to grow to higher 

densities than in less complex habitat, which in turn supports a higher equilibrium prey 

density. The increased prey density overwhelms the negative effect of lower attack 

rates within complex habitat and leads to a greater population growth rate and 

abundance of P. colias. At low focal prey densities, habitat complexity can provide 

refuge space for most focal prey. At higher densities of focal prey, competition for 

refuge space increases (Forrester and Steele 2004) and more prey become available to 

P. colias. Whereas without habitat, the focal prey population may still grow more 

abundant than the predator initially, but the higher attack rate limits the prey 

population from reaching as high a density, in turn limiting the population growth of P. 

colias, which drives a lower equilibrium density than in complex habitats. 

 

Fishing pressure appears to have a greater impact on the equilibrium density of P. 

colias in the presence of habitat complexity. Although density of P. colias is doubled 

with habitat complexity without fishing pressure, at high fishing pressure, the density 

of P. colias is effectively equal to the density without habitat. With increasing fishing 

pressure, there is a greater decrease in the population growth rate with complex 

habitat, which limits the recovery of P. colias. Increased fishing intensity also reduces 

the surplus to fish, without reducing the population, more than without habitat 

complexity. The lower decrease in the population growth rate without habitat 

complexity, is possibly due to the high prey mortality and in turn low prey availability 

already acting on the predators growth rate and limiting the population abundance. 

Whereas the population growth rate of P. colias with habitat complexity is less 

affected by prey availability due to increased prey abundance with complex habitats, 

and the introduction of fishing mortality is more prominent. This suggests that 

reducing fishing yield is potentially more effective in increasing or sustaining the 

abundance of P. colias than maintaining habitat complexity, as fishing mortality has 
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less of an impact without habitat complexity. This is a similar result to Kellner (2010), 

where increased fishing pressure on their main predator had a greater impact on the 

reduction in density of Parrotfish when they were relieved of predation pressure, and 

grew more abundant without fishing pressure, compared to a population that was 

exposed to increased predation and was already at a lower density initially without the 

fishing pressure.  

 

The difference in availability of F. lapillum due to refuges, coupled with the availability 

of an alternate prey source, drives extreme dynamics for P. colias when compared to 

lower but more consistent levels of abundance without habitat. Refuges limit the 

availability of the focal prey for P. colias with habitat complexity, however they are 

more abundant when the carrying capacity of the focal prey increases. However, this is 

only true when sufficiently high alternate prey are available. When alternate prey are 

extremely high and focal prey carrying capacity is low, P. colias overexploit the 

alternate prey and access to the focal prey is limited. they also overexploit both prey 

species when alternate prey density and focal prey carrying capacity are both low. The 

extreme dynamics are likely due to a low attack rate of F. lapillum within macroalgae, 

which has a knock on effect of a lower predator growth rate when prey are less 

available at low densities, similar to a refuge effect observed on coral reefs (Rogers et 

al. 2018). Predators thrive once alternate prey density increases in macroalgal habitats, 

up until a point, suggesting additional prey support predator persistence and enhance 

dynamic stability when focal prey availability is limited by refuges (Samanta et al. 

2016).  

 

In contrast, the higher attack rate of F. lapillum without habitat complexity drives P. 

colias to deplete the focal prey too fast, which limits the prey population from 

reaching as high a density as it would within complex habitat (Crowder and Cooper 

1982), preventing P. colias from reaching an equally high abundance. Without habitat, 

P. colias are most abundant when focal prey have a low carrying capacity, due to a 

higher attack rate on focal prey in the absence of refuge. However the low carrying 
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capacity of the focal prey limits the population from growing as high as it would in 

complex habitat and as the carrying capacity of focal prey increases, the focal prey 

become overexploited in the absence of refuge.  

 

The abundance of P. colias only peaks at low focal prey if an alternate prey source is 

moderately abundant. If alternate prey are scarce without habitat complexity, the 

model suggest that P. colias abundance is generally low due to a high attack rate on 

focal prey, which reduces individual prey availability. The higher attack rate on focal 

prey without habitat results in a less abundant but generally more persistent 

population of P. colias across varying densities of prey. However, it can promote 

dynamic instability by depleting prey populations at low prey densities and affecting 

the abundance and possibly the fecundity of predators (Barbraud et al. 2018). As P. 

colias is a generalist predator (Jiang and Carbines 2002), the model shows that even at 

low focal prey availability, if alternate prey populations increase to a sufficient density 

to supplement their diet, predators can persist or even grow more abundant (Murdoch 

1969). Therefore prey switching is important for dynamic stability when habitat is 

absent and an alternate prey source is the more abundant population, as generalist 

predators like P. colias will switch to the alternate prey population in order to persist 

and can relieve their primary prey until it is the more abundant population (Nordberg 

and Schwarzkopf 2019).  

 

Regardless of whether there is habitat complexity, predator abundance is lowest in 

both models when the carrying capacity of F. lapillum and the density of alternate prey 

are highest. This suggests that when prey populations reach a certain density 

threshold, predator growth overwhelms the growth rate of prey populations through 

bottom up control and the ratio between predator and prey density grows too large to 

sustain increasing predator abundance, resulting in population crashes. As P. colias is a 

generalist consumer, in the current models predator population can grow without 

bound as alternate prey are increasingly available and bottom up control is only 

considered in the growth function of predators. The addition of top-down regulation of 
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P. colias would be more biologically realistic as it would incorporate a predator 

carrying capacity function where the predator’s population growth rate slows as its 

own density increases (Kellner et al. 2010).  

 

Alternate prey abundance was estimated from previous literature on the assemblage 

of macroinvertebrates within a complex temperate macroalgal habitat and in an 

adjacent patchy and barren macroalgal habitat. The abundance of molluscs and 

crustaceans in these habitats were used as estimates due to molluscs and crustaceans 

being major prey taxa found in P. colias diet (Jiang and Carbines 2002) and assuming 

they would behave in a similar way as the crustacean, H.rotundifrons used as a model 

species in experiments. Estimates of F. lapillum were from separate literature that 

surveyed in Kau Bay, Wellington, the site where model prey were collected from, 

therefore the relative abundance of alternate prey were scaled to that of F. lapillum. 

True abundance of F. lapillum, as well as mollusc and crustacean species, surveyed 

from the New Zealand temperate habitats or the site where model prey were collected 

from would give more accurate differences in abundance of P. colias prey species with 

and without macroalgal habitat, providing better estimates for the models. The 

predator growth rate function was relatively simple in the models as it only considered 

attack rate and conversion efficiency of prey, as well as natural mortality. Refuge 

availability is a possible driver of different functional responses however, due to the 

low prey densities and low replication used in the experiment, complete functional 

response estimates could not be determined and were not examined in the model. 

Incorporating these functions into the models could potentially capture the 

consequences of other dynamic drivers such as  handling and searching times for the 

population dynamics of predators.  
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General Conclusions 

 

 

5.1 Overview of Findings 

Habitat complexity can come at the cost of reduced foraging success for predators 

(Gotceitas and Colgan 1989) but have the trade-off greater prey abundance and 

biodiversity for communities (Pérez-Matus et al. 2007, Alvarez-Filip et al. 2011). The 

implications of this trade-off are important in predicting the consequences of complex 

habitat loss for coastal predators. Macroalgal habitats are threatened by the 

cumulative effects of climate change and are predicted to suffer reduced habitat 

quality (Teagle et al. 2017). This study aimed to explore how macroalgal loss impacts 

the foraging success and productivity of Parapercis colias. Abundance of small fish are 

generally higher in complex macroalgal habitats (Willis and Anderson 2003, Parsons et 

al. 2016). Results of this study suggest Forsterygion lapillum use complex macroalgal 

habitat in particular, both under no predation risk and in response to a potential 

predator. More sedentary organisms such as Heterozius rotundifrons, also use 

macroalgal habitats, however they are not as reliant on the complexity of macroalgae 

specifically to avoid predators, instead using mechanical defence or surrounding 

substrate for refuge. It is evident that a loss of macroalgal habitat complexity alters the 

way P. colias forages on small fish like F. lapillum, which appear to use macroalgae as 

an important refuge habitat and are consumed less when macroalgal habitat is 

present. Although abundances of small fish are higher within complex habitat, the 

physical and visual refuge provided by macroalgae makes it challenging for predators 

to access and detect prey (Wilson et al. 1990, Wen et al. 2013). Modelling the 

population dynamics of P. colias and F. lapillum with and without  habitat complexity 

show that macroalgal habitats generally support more predators. Although there is a 

cost of reduced predator foraging efficiency in macroalgal habitats, the higher carrying 

capacity of F. lapillum, coupled with the availability of alternate prey species, support a 

greater abundance of P. colias. The consequence of macroalgal habitat loss for P. colias 

is a higher attack rate of F. lapillum which limits the prey population from reaching 
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high densities (Crowder and Cooper 1982), preventing P. colias from reaching as high 

of an abundance as in the more complex habitat. 

 

The effect of harvesting on the reduction of stocks and the negative effects of fishing 

gear on the quality of marine habitats has been an area of increased research 

(Sainsbury et al. 1993, Turner et al. 1999). Surprisingly complex habitat loss does not 

appear to exacerbate the impact of fishing intensity on the abundance of P. colias, 

instead habitat complexity and increased refuge availability are more sensitive to 

fishing pressure and potentially overexploitation. With increasing fishing pressure, 

there is a greater decrease in the population growth rate with complex habitat, which 

limits the recovery of P. colias and reduces the surplus to fish, without reducing the 

population. This highlights the need for complex habitat quality and quantity to be 

considered in the assessment of fishery stocks and their population dynamics, as it is 

likely to influence the productive output of  fisheries (Armstrong et al. 2008).  

 

Demersal fish predators within coastal reef communities of New Zealand, additional to 

P.colias, primarily stalk small organisms, with small fish and crabs dominating their 

diets (Russell and Leigh 1983). This study makes the general assumption that the prey 

species involved are explicitly inhabiting macroalgal habitats. However, it is biologically 

realistic that both coastal prey fish and mobile macroinvertebrate species that P. colias 

and other demersal predators consume, use multiple areas within macroalgal habitats, 

and not just within macroalgal blades which this study evaluated. Triplefin species also 

use understory substrate such as crustose and foliose algae (Pérez-Matus et al. 2016) 

and also other temperate coastal habitats in New Zealand (Feary and Clements 2006). 

P. colias use macroalgal reefs, but also other shallow reef habitats dominated by 

coralline algae, sponge gardens, mollusc beds and cobble or sandy bottom habitats 

(Schiel and Hickford 2001, Carbines and Haist 2018). This could mean that the 

productivity of P. colias may not be quite as dependent on the complexity of 

macroalgal habitats, as the study generally assumes. However other coastal biogenic 
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habitats in New Zealand, such as mollusc reefs, seagrass meadows, sponge gardens 

and mangrove forests may suffer similar declines as macroalgal beds in the face of 

anthropogenic change (Anderson et al. 2019). The same approach used in this study, 

evaluating the consequences of declining complexity for predators, could potentially 

be applied to other biogenic habitats and may yield similar results.   

 

5.2 Limitations  

The study was limited by using artificial macroalgae that did not replicate holdfasts and 

macroalgal understory. Given the relatively sedentary nature of crabs compared to 

fish, and the fact that small crabs are known to inhabit holdfasts and crevices within 

rocky reefs  (Anderson et al. 2005), the use of whole macroalgal plants and rocky 

substrate in mesocosms would be a better replicate of what would realistically be 

available in natural systems. The mesocosm experiments used prey densities of 2, 4 

and 6 individuals to assess predator consumption with and without habitat. These 

densities were derived from what would be observed in macroalgal habitats in the 

field, however were clearly not high enough for P. colias to reach satiation over the 

course of the trials. Including a wider range of prey densities would hopefully allow 

complete functional response curves to be examined for P. colias, which would further 

disentangle how macroalgal habitats affect the consumption rates of P. colias.  

 

5.3 Future Research 

 

In an attempt to further disentangle the implications of a loss of habitat complexity 

within macroalgal habitats on the population dynamics of coastal predators, 

experiments should further explore the effect of macroalgal habitat structure and 

biomass on predator foraging and prey availability. This study attempted to capture 

the population dynamics of P. colias  in the absence or presence of a macroalgae 

replica and only considering the blades and stipe of the plant. However, we do not 

know how these dynamics may change with decreasing macroalgal biomass or with 
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less structural complexity, such as fewer blades or reduced holdfast complexity. 

Intermediate levels of habitat complexity have been shown to be optimal for predator 

consumption rates by offering a higher prey abundance than low complexity habitats 

and increased prey availability due to less refuge space (Crowder and Cooper 1982, 

Rogers et al. 2018). By further manipulating macroalgal biomass and complexity and 

fitting the model used to more certain parameters of prey abundance, predator attack 

rates and P. colias fishing mortality, we could potentially capture the changes in the 

population dynamics of P. colias that have the potential to occur with future 

simplification of important biogenic habitats.  
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